To fulfill these roles, PLK homologs move to different cellular locations as the cell cycle progresses, starting at the centrosome, progressing to the spindle poles and then the midbody. In the protist parasite Trypanosoma brucei, the single polo-like kinase homolog TbPLK is essential for cytokinesis and is necessary for the correct duplication of a centrin-containing cytoskeletal structure known as the bilobe. We show that TbPLK has a dynamic localization pattern during the cell cycle. The kinase localizes to the basal body, which nucleates the flagellum, and then successively localizes to a series of cytoskeletal structures that regulate the position and attachment of the flagellum to the cell body. The kinase localizes to each of these structures as they are duplicating. TbPLK associates with a specialized set of microtubules, known as the microtubule quartet, which may transport the kinase during its migration.
. The basal body is located at the base of an invagination of the cell surface called the flagellar pocket, which is the sole site for endo-and exo-cytosis (Field and Carrington, 2009; Lacomble et al., 2009 ). The flagellum emerges from the membrane of the flagellar pocket and must therefore exit this compartment. The flagellar pocket collar (FPC), a structure comprising the protein BILBO1, tightly clinches the neck of the flagellar pocket against the flagellum, which limits access to the compartment Gadelha et al., 2009) . The neck of the flagellar pocket is also partially encircled by the hook-like extension of a MORN1-containing cytoskeletal complex, the stem of which coincides with the posterior part of the FAZ (Morriswood et al., 2009) . This MORN1 complex is part of a larger cytoskeletal structure termed the bilobe, which also contains small calcium binding proteins called centrins and a leucine rich repeat protein known as TbLRRP1 (Broadhead et al., 2006; Shi et al., 2008; Selvapandiyan et al., 2007; He et al., 2005; Zhou et al., 2010) . A unique set of four microtubules, known as the microtubule quartet (MtQ), are nucleated at the basal body, wrap around the flagellar pocket, traverse the FPC, and then become part of the FAZ, connecting all the structures (Lacomble et al., 2009 ).
Taken together these protein complexes regulate the position of the flagellum, near their base through the flagellar pocket collar (FPC and bilobe) and along the length of the plasma membrane (using the bilobe and the FAZ). The proper inheritance of the flagellum requires the coordinated assembly and partitioning of these complexes (Vaughan, 2010; Vaughan and Gull, 2008) . This has implications for the process of flagellar biogenesis. Flagellum biogenesis is initiated by the maturation of the probasal body which triggers growth of a new flagellum alongside the existing one ( Figure 1B, I ) (Sherwin and Gull, 1989; Lacomble et al., 2010) . Once it reaches the flagellar pocket neck, this needs to duplicate, so that each flagellar pocket now contains an emergent flagellum. This requires the duplication of the FPC and the bilobe (Figure 1B, II and III) . Further elongation of the new flagellum must then be coupled to growth of a new FAZ, so that the new flagellum is tethered to the plasma membrane ( Figure 1B , IV). The new flagellum is also linked to the old via a structure known as the flagella connector (FC), which guides the positioning of the new flagellum along the cell body (Moreira-Leite et al., 2001) . All this requires the coordinated duplication in sequence of those protein complexes that guide the new flagellum to its final position. What then, organizes this process?
One of the most important features for any potential regulator of flagellum positioning is the ability to migrate from one structure to another to coordinate the assembly of new complexes at precise times as the flagellum is elongating. The polo family of kinases are migratory proteins that are known to regulate the biogenesis of multiple cytoskeletal structures in higher eukaryotes. In mammalian cells, PLK1 plays important roles in cell division, including centriole separation, chromosome congression, and cytokinesis (Barr et al., 2004; Archambault and Glover, 2009 ).
PLKs contain a phosphopeptide binding domain that allows them to be targeted to programmed destinations by the action of upstream kinases such as Cdk1 (Elia et al., 2003a; Elia et al. 2003b; Preisinger et al., 2005) . PLK1 is initially found on the centrosome, then migrates to spindle poles and the kinetochores following the breakdown of the nuclear envelope, and finally localizes to the central spindle and midbody prior to cytokinesis (Golsteyn et al., 1994; 1995) . Inhibition of PLK1 function leads to defects in spindle pole formation and chromosome congression (Lane and Nigg, 1996; Peters et al., 2006; McInnes et al., 2006) .
In T. brucei, there is only a single PLK homolog, TbPLK, which we had earlier implicated in the process of bilobe duplication (de Graffenried et al., 2008) .
Other evidence suggests that it can localize to the basal bodies and is involved in cytokinesis (Hammarton et al., 2007; de Graffenried et al., 2008; Umeyama and Wang, 2008) . In contrast to mammalian PLKs, TbPLK does not appear to play a role in mitosis.
Here we show that the movement and functioning of TbPLK can explain the ordered sequence of duplication events of the cytoskeletal structures associated with the flagellum. The migration of the kinase with respect to the basal bodies, bilobe, FPC, and FAZ has been established with high temporal resolution. TbPLK associates with the new MtQ as it initiates and is present at the tip of the microtubules as they extend during assembly of the new FAZ, which may explain how TbPLK migrates through the cell. We show that TbPLK localizes to each structure as it is duplicating and that depletion of the kinase prevents duplication, or, in the case of the basal bodies, segregation. Our data show that TbPLK is a vital regulator of key Journal of Cell Science Accepted manuscript cytoskeletal duplication events in T. brucei and that interfering with these highly concerted events leads to irreparable cellular defects.
Results
TbPLK migrates from the posterior to the anterior end of the cell and coincides with the duplication of a series of cytoskeletal organelles
Our previous results and those of others showed that during cell division TbPLK colocalizes with the basal body, then progresses to the bilobe and finally associates with the growing tip of the new FAZ (de Graffenried et al., 2008; Kumar and Wang, 2006; Umeyama and Wang, 2008) . TbPLK is present on each of these organelles during their duplication phase. To refine understanding of the movements of TbPLK during cell division, the localization of the kinase was determined with respect to the basal body and bilobe marker TbCentrin4 (C4); BILBO1, which marks the flagellar pocket collar; and the FAZ marker FAZ1. The temporal order of TbPLK localization was established by the observation of external cues such as basal body duplication and the emergence of the new flagellum. The kinetoplast duplicates prior to the nucleus, allowing it to be used as a cell cycle marker (McKean, 2003) . The relative frequency of cells at each cell cycle stage in an asynchronous culture was used to estimate the duration of each TbPLK localization pattern in temporal detail as has been described previously (Sherwin and Gull, 1989; Contois, 1959; Barford and Hall, 1976) . Over 4500 images were acquired and analyzed, allowing a temporal resolution of 20 minutes for this cell line. Supplementary Figures 1-3 . In an asynchronous culture, approximately 60% of cells express TbPLK. At the earliest time point of TbPLK expression the kinase localized to a small, tendril-like projection between the basal body and the bilobe structure (Supplemental Figure 1, b) . The kinase then localized to both the mature basal body and probasal body, and followed the contour of the BILBO1 stained FPC, abutting the exterior edge of the structure (Figure 2, a) . Basal body duplication occurs around this time. When the TbPLK signal at this stage was compared to the bilobe marker TbCentrin4, the kinase formed thin projections that contacted the bilobe structure to form an arch-like shape (Figure 2, b) . Subsequently, the TbPLK signal was lost from the FPC and appeared to form a bar-like shape on the bilobe structure (Figure 2, d During the period when TbPLK is present on the bilobe and the new FAZ, a small punctate signal was seen that appeared to be beyond the tip of the new FAZ and on the opposite side of the plasma membrane (Figure 2 , e, h, i). This labeling was most intense prior to basal body separation. Close inspection of DIC images showed that this signal corresponded to the contact point of the two flagella (Supplemental Figure 4A ). The flagella connector mediates this interaction, which helps position the new flagellum along the cell body by using the old flagellum as a guide (MoreiraLeite et al., 2001) . To test if TbPLK localized to the FC, extracted cells were labeled with anti-TbPLK antibodies and negatively stained for visualization by electron microscopy. The FC has a distinct triangular shape at the tip of the new flagellum that is clearly identifiable (Briggs et al., 2004) . This structure was frequently labeled with anti-TbPLK antibodies (Supplemental Figure 4B and C). This pool of TbPLK appears to be distinct from the one that associates with the MtQ.
TbPLK depletion does not affect basal body duplication or maturation
Once the migration of TbPLK during the cell cycle had been established, we sought to identify the effect of depleting the kinase on the various organelles to which it localizes. Previous work has shown that a doxycycline-inducible RNAi system directed against TbPLK effectively depletes the kinase and causes the appearance of cells with abnormal DNA content, defects in bilobe duplication, and the inability to undergo cytokinesis (de Graffenried et al., 2008) . Western blotting of control and doxycycline-treated cells showed that TbPLK depletion was extremely efficient and occurred within 8 hours of RNAi induction (Supplemental Figure 5A ). TbPLK depletion led to growth arrest within 16 hours of TbPLK RNAi induction (Supplemental Figure 5B ). When DNA content was quantitated after 18 hours of RNAi, the number of cells with one nucleus and one kinetoplast (1N1K) and one nucleus and two kinetoplasts (1N2K) decreased, while cells with two nuclei and two kinetoplasts (2N2K) doubled compared to controls ( Figure 4A ). The TbPLK-depleted samples also contained aberrant cells where the nucleus duplicated prior to the kinetoplast (2N1K), which comprised 25% of the population. 2N1K cells can arise from a mispositioned cleavage furrow, which also produces a cell containing only a kinetoplast (0N1K). However, upon TbPLK depletion, 0N1K cells were rarely observed, making it unlikely that incorrect furrow ingression had taken place.
The appearance of the 2N1K cells in TbPLK-depleted samples suggested that the kinase is necessary for the proper replication of the kinetoplast. Previous work had shown that the kinetoplast DNA (kDNA) content of the single kinetoplast in 2N1K cells increases upon TbPLK depletion, which argues that the kinetoplast defect stems from segregating the duplicated structures (Hammarton et al., 2007) . Considering the importance of the basal body in segregating the kDNA, it is possible that defects in basal body duplication and/or separation could explain both the lack of segregated kinetoplasts. To test this hypothesis, a careful accounting of basal body maturation, duplication, and separation was conducted.
Basal body replication occurs in 1N1K cells. The first stage of this process is maturation of the probasal body, which gains the capacity to nucleate a new flagellum (Lacomble et al., 2010) . This maturation can be tracked with antibodies against TBBC, a coiled coil protein shown to associate selectively with mature basal bodies (Dilbeck et al., 1999; Absalon et al., 2008) . After maturation, the two basal bodies assemble new probasal bodies, completing the duplication cycle (Sherwin and Gull, 1989) . The appearance of the probasal bodies can be monitored with an antibody to TbCentrin2 (C2), which is a component of the basal body and is recruited to the structure early in its assembly in mammalian cells (Kleylein-Sohn et al., 2007) . C2 is also present in the flagellum, allowing the position and assembly of the new flagellum to be monitored. Once the new basal bodies have been established, they begin to separate, which drives the separation of the replicated kDNA, leading the cell to progress to the 1N2K state. In cells that have just emerged from division, TBBC labels the mature basal body, while C2 labels both the mature and probasal body, To further emphasize this result, we calculated several ratios to test if basal body number or maturation were changed in the TbPLK-depleted cells ( Figure 5B ).
The ratio of total basal body number compared to nuclear number should be two in early 1N1K cells and all 2N2K cells because these cells have a basal body and probasal body and a single nucleus (early 1N1K) or two basal body-probasal body pairs and two nuclei (2N2K). In 1N1K cells that have undergone basal body duplication and all 1N2K cells, the ratio should be four because these cells have two basal body-probasal body pairs and a single nucleus. Defects or a delay in basal body duplication would cause the ratio to decrease, while multiple rounds of duplication or early duplication would cause the ratio to increase. Similarly, changes in the ratios of TBBC-positive structures to nuclear number and of flagellar number to nuclear number would identify any defects in basal body maturation. All three ratios were indistinguishable in TbPLK-depleted and control cells. This argues that TbPLK is not necessary for the duplication of the basal body or the flagellum. The appearance of additional flagella in a subset of 2N cells in the TbPLK-depleted sample is due to the flagellum biogenesis process continuing in the absence of cytokinesis.
TbPLK depletion leads to a basal body segregation defect
While TbPLK does not seem to play a role in basal body duplication or maturation, closer inspection of the data suggested that separation of the duplicated structures might be failing. Many of the 2N cells in TbPLK-depleted samples had pairs of basal bodies that were close together ( Figure 5A , e-l). To quantitate this effect, negative stain electron microscopy was conducted on extracted whole mount cytoskeletons of TbPLK-depleted and control cells. The distance between the basal body pairs was measured and plotted against the ratio of the length of the new and old flagella, which serves as a measure of cell cycle progression (Robinson et al., 1995) .
In control cells, the distance between basal body pairs had a bimodal distribution, with slow separation occurring before a flagellar length ratio of 0.4 ( Figure 6A , Figure 6C , a, arrowheads). At this point, the distance between the basal body pairs increased more rapidly, with a maximal distance of 7 µm observed prior to cytokinesis ( Figure 6C, b-d, arrowheads) . The shortest distance observed between basal body pairs in a 2N cell was 3 µm. We set this distance as the lower limit for basal body separation in 2N cells and compared it to 2N cells in TbPLK-depleted samples. While no 2N cells had a basal body pair distance below 3 µm in the control cells, over 70% of the 2N cells in the TbPLK-depleted sample did ( Figure 6B , Figure   6C , g and h, arrowheads, Supplementary Table 1 ). 1N cells with two basal body pairs also showed a diminished inter-basal body distance ( Figure 6C , e and f, arrowheads).
This suggests that the separation defect occurs before karyokinesis. The formation of a new flagellum was not impeded in terms of ratio to the old flagellum or in absolute length. This supports the hypothesis that the nucleation of the new basal body and the elongation of the new flagellum are independent of TbPLK.
TbPLK depletion causes defects in the formation of a new FPC
While observing the lack of basal body segregation in TbPLK-depleted cells, we noted that many of the duplicated flagella seemed to be emerging from the cell body at the same site; this defect was especially noticeable in 2N1K cells ( Figure 5A Figure 7A, c, d ; Figure 7B ). In TbPLK-depleted cells, the number of 1N cells with 2 FPCs dropped to 12% ( Figure   7B ). Of cells with two nuclei, 55% had only a single FPC (Figure 7A, j; Figure 7B ).
In many of the 2N cells that had 2 FPCs the replicated structures were positioned closely together between the two nuclei, suggesting that basal body separation had failed ( Figure 7A , k).
In the TbPLK-depleted sample, many 2N cells with a single FPC appeared to have a new flagellum that emerged from the same position as the old flagellum ( Figure 7A, j) . The failure to form a new FPC may force the old FPC to accommodate two flagella. Extracted cytoskeletons were produced from TbPLK-depleted and control cells and then subjected to negative stain EM to test this hypothesis. Under normal conditions the new flagellum is confined within its own pocket and FPC by the time it emerges from the cell body ( Figure 7C, a-c) . In the TbPLK-depleted sample, the old and new flagellum emerged from a single FPC, which seemed enlarged ( Figure 7C, d, e) . This is consistent with our images at the light level that appeared to show the new flagellum emerging from the same position as the old.
TbPLK depletion causes defects in new FAZ assembly
All of our TbPLK-depleted samples contained large numbers of cells that had detached new flagella. Considering that TbPLK is present at the growing tip of the new FAZ, which is essential for the adherence of the new flagellum, it seemed likely that depleting the kinase might lead to a FAZ defect. To test this, we depleted TbPLK and stained the cells with an antibody that detects the FAZ protein FAZ1 and DAPI to detect DNA (Kohl et al., 1999; Vaughan et al., 2008) .
Control cells showed normal FAZ morphology and number, with the new FAZ emerging in a subset of 1N1K cells and elongating during the 1N2K and 2N2K stages ( Figure 8A, a-e, arrowheads) . Both the old and new flagella were attached to the cell body adjacent to their FAZ filament. In the doxycycline-treated cells, defects in the formation of the new FAZ were evident ( Figure 8A, k-o, arrowheads) . These defects will subsequently be described in more detail. DIC imaging showed numerous cells that had detached new flagella ( Figure 8A, p-t, arrows) . were not able to complete the nascent structure. A total of 16% of 2N2K cells completely lacked a new FAZ, while 28% had an snFAZ ( Figure 8B ). The aberrant 2N1K cells showed the strongest FAZ defects, with 92% of the cells containing either an snFAZ (50%) or a single FAZ (42%) ( Figure 8B ). We were unable to establish criteria to distinguish normal from abnormal FAZs in 1N1K cells because of the small size of the emerging structure. However, 15% of TbPLK-depleted 1N1K cells had detached new flagella, indicating that they presumably had difficulty assembling a new FAZ ( Figure 8A , k and p). Quantitation showed that 40% of the TbPLK-depleted cells had detached flagella, compared to less than 5% in the control ( Figure 8C ). Cells with detached flagella were strongly enriched for defects in FAZ formation ( Figure   8D ). These 2 FPC cells with FAZ defects comprised 18% of the 2N population (Supplemental Figure 6 ).
Discussion
In this manuscript, we have charted the movement of TbPLK throughout the cell cycle in detail and determined the effect of its depletion on several important cytoskeletal structures that function to position the flagellum. The kinase initially localizes to the MtQ, then the basal bodies, subsequently progresses to the FPC and bilobe, and finally to the growing tip of the new FAZ. This pattern closely matches the order in which these structures duplicate, suggesting that TbPLK may trigger the replication or inheritance of these cytoskeletal elements. To test this theory, TbPLK was depleted by RNAi, which caused defects in these structures: the basal bodies fail to segregate while the FPC and FAZ fail to duplicate properly. These defects are especially damaging because flagellar duplication and karyokinesis proceed normally in TbPLK-depleted cells, leading to the production of multinucleate cells with detached flagella. Perturbing the ordered duplication of these structures prohibits the highly ordered series of cytoskeletal events necessary for the inheritance of an attached, functional flagellum that resides within its own pocket.
The migration of TbPLK during the cell cycle closely resembles the track of the MtQ. The kinase is present on the MtQ as it first assembles next to the basal body and is on its tip once the microtubules becomes part of the FAZ. The MtQ comes into contact with all the structures to which TbPLK localizes, making it possible that the kinase selectively interacts with the MtQ and uses its extension to move throughout the cell. PLK1 binds directly to a subset of microtubules and has been shown to interact with kinesins, which may facilitate the migration of the kinase (Feng et al., 1999; Neef et al., 2003) . The positive ends of the MtQ microtubules nucleate from the basal body at the posterior end of the cell, as opposed to the ones that comprise the rest of the subpellicular array that underlies the surface of the cell (Robinson et al., 1995; Lacomble et al., 2009 ). This arrangement could facilitate the migration of TbPLK by association with positive-end directed kinesins.
At early points in the cell cycle, TbPLK localizes to the basal bodies and remains associated with them as they duplicate. TbPLK depletion has no effect on either basal body duplication or maturation, which is consistent with the function of the homologous kinase in mammalian cells and in budding yeast. PLK1 depletion in mammalian cells causes defects in the separation of the centrosomes and the positioning of the spindle poles, while centrosome duplication is unaffected (Hanisch et al., 2006; Lane and Nigg, 1996; Tsou et al., 2009) . Yeast lacking the PLK homolog cdc5 can replicate their centrosome equivalents, known as the spindle pole bodies, but cannot move them apart to form an appropriate spindle (Snead et al., 2007; Kitada et al., 1993) . TbPLK conserves this function of partitioning its centriolar equivalents.
However, PLK1 and cdc5 play important mitotic roles in that are not conserved in TbPLK, where nuclear duplication can proceed without the kinase. Instead, TbPLK has become specialized towards controlling the duplication of cytoskeletal structures such as the FPC and FAZ that assure the proper positioning of the flagellum. This change in function may reflect a change in the upstream kinases that generate binding sites for TbPLK (Barr et al., 2004; Archambault and Glover, 2009 ).
Many of the aberrant 2N1K cells that are present in TbPLK-depleted samples are 2N2K cells that have failed to effectively segregate their kinetoplast DNA.
Previous work has shown that the kinetoplast in 2N1K cells generated by TbPLK depletion contain two equivalents of kDNA (Hammarton et al., 2007) . The division of the duplicated kinetoplast into two discrete structures is directly coupled to the separation of the basal body pairs (Robinson and Gull, 1991) . In TbPLK-depleted cells, probasal body maturation and the formation of two new probasal bodies proceed normally, but the newly formed basal body pairs do not separate. This lack of separation leaves a single kinetoplast that contains two copies of the kDNA. 2N1K cells could also arise if cytokinesis occurs prior to karyokinesis or segregation of the duplicated nuclei (Ploubidou et al., 1999; Shi et al., 2008) . This would generate a cell TbPLK depletion causes strong defects in the extension of a new FAZ, which leads to detached flagella. The production of a detached flagellum cannot be reversed and ensures that one of the progeny of any subsequent cell division will lack proper motility. Proper motility is also essential for completing cytokinesis (Ralston et al., 2006) . Ingression of the cleavage furrow seems to occur at a position dictated by the new FAZ, and defects in FAZ formation frequently lead to misplaced furrows, which can cause the unequal partitioning of the daughter cells (Vaughan, 2010; Kohl et al., 2003; Vaughan and Gull, 2008) . Although TbPLK-depleted cells have significant FAZ defects, they appear to fail at cytokinesis rather than trigger it prematurely. This is shown by the accumulation of 2N2K cells and the fact that the 2N1K cells produced by TbPLK depletion do not arise from the production of zoids.
Inheritance of an attached and positioned flagellum is an essential part of cell division in T. brucei. The structures that control these flagellar properties, such as the basal body, bilobe, FPC, FC, and FAZ must therefore be assembled and partitioned in a specific order. TbPLK is present on each of these structures as they duplicate; depletion of the kinase causes a failure in their inheritance, which leads to detached and misplaced flagella. PLK homologs are programmed to localize at specific times by the action of upstream kinases and phosphatases, which act in concert to create and destroy binding sites for the kinases. TbPLK shares this high degree of mobility with its homologs in other organisms, but its localization pattern during the cell cycle, and
Journal of Cell Science Accepted manuscript therefore the organelles whose duplication it licenses, has been configured for the unique features of the trypanosome cytoskeleton.
Materials and Methods

Antibodies
The antibodies were obtained from the following sources: anti-FAZ1 (L3B2) from
Keith Gull (University of Oxford, UK), anti-BILBO1 from Derrick Robinson (University of Bordeaux, France), anti-TBBC from Etienne Pays (University of Brussels, Belgium). Anti-C4 and anti-C2 mouse IgG 1 monoclonals were raised against recombinant TbCentrin4 and TbCentrin2, respectively. The specificity of these antibodies is shown in Supplemental Figure 7 . Rabbit anti-TbPLK has been described previously (de Graffenried et al., 2008) . A full description of the immunofluorescence methods used in the manuscript are presented in the supplemental materials.
Electron microscopy
Cells were washed and resuspended at 1x10 6 per ml in PBS, then mounted on glow discharged formvar coated copper grids. The cells were detergent extracted with 1% NP-40 in PEME for 3 min at rt and then fixed in 2.5% glutaraldehyde in PEME, 
where y is the cumulative percentage of cells including the stage in question, µ is the relative growth rate (Sherwin and Gull, 1989) . The duration of each stage was obtained by subtraction (Δx = x n+1 -x n , where x n+1 is a later stage with respect to x n ). µ was obtained from:
where t 1 is a time point later than t 0 , N 1 and N 0 their respective total population estimated from the culture density (Contois, 1959 
